Activity-induced muscle injury and dysfunction have been identified as key components of musculoskeletal injuries. These injuries often occur following eccentric contractions, when the muscle is under tension and stretched by a force that is greater than the force generated by the muscle. Many daily activities require muscles to perform eccentric contractions, including walking (or running) downhill or down stairs, lowering heavy objects, and landing from a jump. Injuries often occur when these activities are performed at high intensity or for prolonged periods of time. General features of eccentric-induced muscle injury are well documented and include disruption of intracellular muscle structure, prolonged muscle weakness and dysfunction, a delayed-onset muscle soreness, and inflammation. Several weeks are required for the affected tissue to fully regenerate and recover from eccentric-induced muscle injury. Possible mechanisms responsible for eccentric-induced muscle injury are activation impairment and structural disruption of the sarcomere. These two factors seem to be the main sources of eccentric-induced muscle injury. Rather than being separate mechanisms they may be complimentary and interact with each other. Therefore, in this review we will focus on the two main cellular mechanism of muscle cell injury following accustomed eccentric contraction.
INTRODUCTION
Musculoskeletal disorders and injuries are one of the common health problems. The key components of musculoskeletal injuries have been identified as an activity-induced muscle injury. Skeletal muscle injury typically occurs following excessive muscular activity, particularly if the muscle is under tension and stretched by an opposing force that is greater than the force generated by the muscle. Under these conditions, muscle can function as brakes to slow limb movement, or shock absorbers to dissipate energy. A braking or shock absorbing contraction is called an eccentric, plyometric, or lengthening contraction. Many daily activities require muscle to perform eccentric contraction, including walking (or running) downhill or down stairs, lowering heavy objects, and landing from a jump etc.
Typical functional consequences of eccentric contractions are a reduction in peak power, a loss in peak force, a slowing of shortening velocity, and a shift in optimal muscle length to a longer length (Brockett et al., 2001; Jones et al., 1997; Morgan and Proske, 2004) . Thus, it resembles muscle fatigue in several characteristics, such as a decline in force, shortening velocity, and power. The difference between muscle fatigue and damage is whether muscle function is able to recover within a short period of time. In other words, muscle fatigue is a generally showed short-lived dysfunction, whereas muscle damage is a prolonged dysfunction that needs several days for complete recovery (Hough, 1900) .
Because of prevalence and costs of muscle injury, it is important to understand the mechanisms underlying the pathology of muscle injuries. This knowledge may then lead to effective ways of preventing, treating, and rehabilitating injuries. Armstrong et al. (1991) proposed that contraction-induced injury was due to an initiating event that targeted a population of susceptible cells. The initiating event in eccentric-induced muscle injury is most likely mechanical in nature (Friden and Lieber, 2001 ). Morgan and Proske (2004) propose that sarcomere length heterogeneity leads to a few weaker sarcomeres when muscle is stretched or lengthened. These weak sarcomeres stretch more rapidly and widely than other stronger sarcomeres. These overstretched sarcomeres lead to structural distortions that are propagated longitudinally and rapidly through the myofibril, leading to physical disruption of the sarcomere, membrane damage, and impairment of excitation contraction coupling (Allen, 2001; Lieber and Friden, 2002; Proske and Allen, 2005 may enter into the cell via these channels or through ruptures in the sarcolemma (Overgaard et al., 2002) . All of this leads to an increase in intracelluar Ca 2+ levels (Balnave and Allen, 1995; Ingalls et al., 1998) , which may activate intracellular proteases, such as calpain (Belcastro, 1993) . Leukocyte infiltration (neutrophils, natural killer cells, marcrophage) and increased pro-inflammatory cytokines (interleukin-1β, interleukin-6, tumor necrosis factor-α) are attracted to the injured site and contribute to further degradation of muscle tissue (Peake et al., 2005) . Activation of myogenic precursor cell, or satellite cells, to proliferate and differentiate is required for regeneration of new myofibers and reconstitution of contractile structure (Charge and Rudnicki, 2004) . Therefore, the aim of this review is to focus attention particularly on the two main cellular mechanism of muscle cell injury following accustomed eccentric contraction.
EXCITATION AND CONTRACTION (EC) COUPLING IMPAIRMENT
The first possible mechanism is a failure of Ca 2+ release and uptake. Warren and associates proposed that impaired EC coupling plays a major role in eccentric-induced muscle injury (Ingalls et al., 1998; Warren et al., 1993) .
The failure of EC coupling has been demonstrated after eccentric exercise (Balnave and Allen, 1995) , and it suggests that less calcium is released per action potential. Caffeine bypasses the normal EC coupling process and directly opens the RyR, resulting in release of Ca 2+ from SR (Endo, 1977; Martonosi, 1984) . Warren hypothesized that if reduced force, induced by eccentric contraction, is able to be bypassed by caffeine, then the reduced force can be attributed to EC coupling failure. Under this hypothesis, he studied that the mouse soleus muscle were exposed to bicarbonate buffer containing caffeine after 20 eccentric contractions (Warren et al., 1993) . The caffeine-elicited isometric force in injured mouse muscles was not different from the control muscle, even though maximal isometric tetanic force of injured muscle was reduced 43%. Accordingly, Warren and colleagues proposed an impaired EC coupling system as a main source of dysfunction.
By using a skinned single fiber preparation, the EC coupling pathway can be bypassed and the fiber activated by directly application of saturating Ca 2+ . Thus, under this condition, the reduced maximal Ca 2+ -activated force can be attributed to the disruption or alteration of the force-generating and transmitting structures. Thus, Warren et al. (1993) tested the force reduction in the isolated EDL muscle after 15 eccentric contractions, and also measured the maximal Ca 2+ -activated force on skinned muscle fiber from that isolated EDL muscle. The result showed that the maximal isometric force of the isolated muscle was reduced by 69%, whereas the maximal Ca 2+ -activated force was reduced by 34%. Therefore, they concluded that the physical disruption of muscle ultrastructure may explain about half of the strength loss of the muscle.
Balnave and Allen (1995) directly measured Ca 2+ release. They conclude that Ca 2+ -activated force was not significantly affected after 10 eccentric contractions at 25% strain on living muscle fibers. However, with 50% strain, the about 79% of the force reduction can be attributed to the disruption of the sarcomere.
To investigate how long the EC coupling failure contributes to the force deficit, measurements were made at 0, 1, 3, 5, and 14 days after in vivo 150 eccentric contractions. The study concluded that during the first 5 days after injury, EC coupling failure is thought to account for about 57-75% of the strength deficit. The EC coupling failure is diminishing by 5 days after and is resolved by 14 days after the injury (Ingalls et al., 1998) . Thus, the disrupted muscle ultrastructure is thought to account for about 25-43% of the strength deficit.
The possible failure sites in the EC coupling pathway are, the sarcolemma, the t-tubule, the DHPR, the linkage between the DHPR and the RyR, the RyR, and the SR. First, at the sarcolemma, EMG amplitude was reduced 9% after eccentric contractions (Warren et al., 1999) , suggesting a failure in action potential propagation. However, because force was reduced 47%, action potential failure is not considered a major contributor to dysfunction. Second, the ability of the t-tubule to conduct action potential and the intrinsic properties of the DHPR do not appear to be impaired significantly. Because the potassium (K + ) induced force was reduced proportionally with maximal isometric force after 150 in vivo eccentric contractions, and it suggests the failure site of EC coupling process is below the level of the DHPR (Ingalls et al., 1998) since K + trigger muscle contraction by depolarization of the t-tubule and voltage sensor (Dulhunty, 1991) . More recently the t-tubules have been observed to be broken after 40% of strain, and it may due to movement, originating from the heterogeneity of sarcomere length (Yeung et al., 2002) . Third, the linkage between the DHPR and the RyR is thought to be most fragile site. Warren et al. (1999) proposed that the EC coupling failure result from the weak mechanical link between DHPR and RyR, because the conformational change of DHPR may be failed to be communicated to the RyR. Lastly, at the SR, the intrinsic function of ryanodine receptor decreases by 16% over the first 3 days after in vivo eccentric injury (Ingalls et al., 2004) , but this progressive worsening of SR function is not associated with a further impairment in muscle functions, because the rates of Ca 2+ release and uptake by the SR are not significantly impaired (Warren et al., 1993) .
CROSS-BRIDGE IMPAIRMENT
It is hard to conclude that all portion of the muscle dysfunction induced by eccentric contraction is caused by EC coupling failure only. As mentioned above, Balnave and Allen (1995) founded evidence for both the EC coupling impairment and the structural disruption with 25% and 50% of strain, respectively. Also, some find that the force deficit cannot be overcome by caffeine treatment in frog fibers , and toad muscle (Allen, 2001 ). Finally, impaired EC coupling system cannot readily explain two significant characteristic features associated with damage from eccentric contraction: a shift in the length-tension relationship of the muscle and increased passive tension.
An alternative possible mechanism for eccentric-induced muscle dysfunction is based on the heterogeneity of sarcomere length and the length-tension relationship. This is the called "popping sarcomere hypothesis" proposed by Morgan and Proske (2004) . It is derived from two characteristics of muscle contraction: the produced force by eccentric contraction is rather greater than the force produced by concentric contraction and the presence of the unstable sarcomere lengthened onto the descending limb of their length tension relationship. The length tension relationship refers to a linear decrease in active tension as the sarcomere length get shorten or lengthen to outside of optimal length, and it is correlated with decreasing overlap of thick and thin filaments (Gordon et al., 1966) .
The popping sarcomere hypothesis assumes the presence of irregular sarcomere lengths. This results in eccentric-induced muscle injury because the longest sarcomeres become the weakest sarcomere when stretched out to the descending limb of their lengthtension relationship. Thus, these longer, weaker sarcomeres are stretched more rapidly and widely than other sarcomeres. As a consequence, weaker sarcomeres take up most of the stretch until its total tension is balanced by the tension produced by in series sarcomeres, which are on the plateau of their length tension relationship. The thin and thick filaments making up this overstretched sarcomere may not re-interdigitate when the muscle relaxes (Talbot and Morgan, 1996) . If this occurs continually, more and more sarcomeres will become overstretched and dysfunction. Once one or more sarcomere has become disrupted, the damage may expand longitudinally to adjacent sarcomeres in the myofibril and transversely to adjacent myofibrils. The longitudinal and transverse propagation of damage may also impact membranes of the sarcoplasmic reticulum, transverse tubules, and sarcolemma. This could then initiate an uncontrolled movement of Ca 2+ into the sarcoplasm (Yeung and Allen, 2004) , triggering the next stage in the damage process. According to this hypothesis, the disruption of muscle ultrastructure precedes EC coupling failure, and it is proposed as a main factor leading to reduced functional properties after eccentric contractions (Proske and Allen, 2005) .
One consequence of disrupted sarcomeres is a shift in optimal length to longer lengths (Brockett et al., 2001; Jones et al., 1997; Morgan and Proske, 2004) . This shift in optimal length is a reliable and useful measure of the amount of eccentric-induced damage (Talbot and Morgan, 1998) . It is proposed that this shift in muscle optimal length after the eccentric contractions is due to the disrupted sarcomeres, which lie scattered at random along the myofibril. The presence of these disrupted sarcomeres in parallel with undisrupted sarcomeres increases the series compliance of the fiber, and the increased series compliance leads to a shift in the muscle's optimal length for peak active force toward longer muscle lengths .
Another consequence of the disruption of sarcomere is the rise in passive tension immediately after eccentric contraction observed in isolated muscle (Whitehead et al., 2001 ) and single fibers (Joumaa et al., 2007) . It is greatest in the region of the muscle's optimal length (Whitehead et al., 2003) . The possible mechanism of this rising passive tension is that uncontrolled Ca 2+ released into the sarcoplasm by eccentric contractions may result in the activation the contractile filaments to develop an injury contracture, thus it causes rising passive tension (Whitehead et al., 2003) . In addition, the uncontrolled release of Ca 2+ into the sarcoplasm may bind with titin, raising the passive tension. The PEVK domain of titin binds Ca 2+ with high affinity, resulting in the rising of passive tension of PEVK domain (Labeit et al., 2003) , which is the main contributor to passive tension of titin (Horowits, 1999) .
SARCOMERE HETEROGENEITY
Recently, sarcomere heterogeneity was proposed as a causal relationship between sarcomere strain and fiber bundle injury by eccentric contractions (Patel et al., 2004) . This study found that heterogeneity of sarcomeres was increased as the activated muscle bundles underwent successive stretches, and it found a high correlation (r 2 =0.87) between sarcomere strain and the relative force deficit. Furthermore, the progressive increase in heterogeneity of sarcomere length is inversely related to maximal eccentric force with a correlation coefficient ranging from 0.61 to 0.93. Because the weak sarcomeres are beyond their optimal length, and become weaker or longer as heterogeneity increases, this result in a lower maximal eccentric force. This group also concluded that the contribution of EC coupling to eccentric-induced muscle dysfunction is relatively small, especially as strain increases. Accordingly, the high correlation between sarcomere heterogeneity, and force deficit and maximal eccentric force agree with popping sarcomere hypothesis.
CONCLUSIONS
The initial sequence of events underlying eccentric muscle dysfunction begins with the disruption of a sub-population of sarcomeres due to the heterogeneity of sarcomere length. Then, structural distortions triggered by the disruptions of these sarcomeres leads to membrane damage, which interferes with EC coupling. At the same time, the accompanying stress applied to the sarcolemma leads to opening of cation channels into rupture of the sarcolemma. All of this produces an increase in intracellular Ca 2+ levels which triggers proteolysis associated and fiber breakdown. A key point in that the process is initiated at the level of the myofilament lattice of the sarcomere.
